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The Functional Coordination approach describes the processes involved in learning to read
as a form of procedural learning in which pre-existing skills, mainly from the visual, and
auditory domain, are (1) recruited, (2)modified, and (3) coordinated to create the procedures
for reading text, which form the basis of subsequent (4) automatization. In this context,
we discuss evidence relating to the emerging prevalence of analytic processing in letter
perception. We argue that the process of learning to read does not have to lead to a loss
of perceptual skill as consequence of a “cultural recycling”; learning to read just leads to
a novel synthesis of functions, which are coordinated for reading and then automatized as a
package over several years. Developmental dyslexia is explained within this framework as a
Functional Coordination Deficit (Lachmann, 2002), since the coordination level is assumed
to be most liable to manifest deficiencies.This is because, at this level, the greatest degree
of fine tuning of complex functions is required. Thus, developmental dyslexia is not seen
as a consequence of a deficient automatization per se, but of automatization of abnormally
developed functional coordination.
Keywords: reading acquisition, visual processing, analytic vs. holistic processing, literacy, developmental dyslexia,
congruence effect, child development
ARE LETTERS SPECIAL?
Reading is so much part of everyday life that normally we do
not realize how complex this skill is, and how arduous it was
to acquire. Reading is a secondary process: beginning read-
ers draw on established cognitive and sensory abilities that are
recruited, modified, and coordinated in novel ways to establish
the specific strategies of information processing that are opti-
mized for text. According to the neuronal recycling hypothesis
(Dehaene and Cohen, 2007; Dehaene et al., 2010), these pro-
cesses may even have the consequence that some of original
information processing skills are reduced, as original resources
are being redeployed for achieving the newly required function-
ality. Here we will consider to what extent this may apply to
one basic component processing skill: that of analytic visual
processing.
Letters, which form the smallest meaningful units of a written
text, are not any different in their physical characteristics from
meaningless small scribbles, signs of a writing system we don’t
understand, or simple geometric shapes. That is, prior to learn-
ing to read, letters, and non-letters will not be processed in any
systematically different ways. However, even prior to learning to
read, such simple items are not natural objects. The latter are
most likely 3-dimensional, can be seen in different orientations,
can move in space over time, and can occur in cluttered envi-
ronments, in which they often are partially occluded. All these
characteristics necessitate that for natural objects, we make the
best out of what is visually available. When an object is par-
tially occluded, we may use global object characteristics such as
symmetry to complete them perceptually. We make the most
out of an object, if we concentrate on its invariant properties,
for instance properties that remain unchanged under positional
transformations and different orientations, and we are poised to
take clues from the context as to what the nature of the object
may be.
Even though those small scribbles and simple geometric
drawings are not natural objects, it is plausible to assume
that they still trigger these processes. For instance, effects of
mental rotation were found to be similar for both 2- and
3-dimensial objects (Shepard and Metzler, 1971; Cooper and
Shepard, 1973) and visual completion is based on criteria
of mergability of 3-dimensional volumes, both in actual 3-
dimensional occluded objects, and in 2-dimensional drawings
of them (Tse, 1999). In other words, we may observe that
there is, even though with individual differences depending on
age (Dror et al., 2005) gender (Alexander and Evardone, 2008;
Jansen and Kaltner, 2013) and stimulus material (Geiser et al.,
2006) a robust over-all tendency to perceive natural objects
holistically, and that these preferences extend to 2-dimensional
drawings.
Yet, also prior to learning to read, natural 3-dimesional objects,
and 2-dimensional drawings alike, can already be perceived in
another mode as well, i.e., analytically. The analytic-holistic dis-
tinction is a broad one known under a variety of, often conflicting
terminology laden with theoretical baggage. Here we simple mean
to address a collection of empirical distinctions, depending on
the extent to which a perceptual configuration is perceived as
independent of its context, the extent to which the percept empha-
sizes properties of the parts over the whole, the extent to which
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it is tolerant with respect to the constraints non-local properties
impose on component organization1, and the extent to which it
is oblivious to transformational invariants and/or symmetries. We
speak of analytic, when some or all of this applies, and of holistic
if otherwise.
Whereas perception is naturally holistic to various degrees, it
is sometimes efficient to use an analytic strategy. Consider that
while holistic perception would not allow us to see the tiger hiding
in the bushes, analytic perception may be able to beat the cam-
ouflage. When finding an object, or a path, is difficult, we shift
from holistic to analytical strategies and scan parts of the scene or
display serially, one by one, in small fragments. As soon as we start
doing so, we automatically become oblivious to global symmetries
of objects that normally play an implicit role in their identification
(Hogeboom and van Leeuwen, 1997; Roelfsema and Houtkamp,
2011; Korjoukov et al., 2012).
LEARNING TO READ
Learning to read involves both holistic and analytic perception,
and both are playing different roles during the development of
several reading and writing-related sub-skills. According to Frith
(1985; see also Chall, 1983; Ehri, 1995), at the beginning of the
process of learning to read, logographic skills prevail (logographic
phase); in this phase, letter configurations will be perceived,
just like non-letter ones, in an orientation-unspecific way (see
Figure 1). The order of letters in a word and other phono-
logical factors are more or less ignored. Unfamiliar words and
non-words cannot be read. In fact, instead of “read” we should
better use the term “recognized,” because in this stage, the child
recognizes a word as a whole and reproduces (“writes”) it as
such, mainly based on salient graphic features, just as in object
recognition.
Strictly speaking, the logographic sub-skills do not qualify
as “reading” or “writing.” This requires the knowledge and use
of individual graphemes and phonemes and their correspon-
dences. If this knowledge is available for use, the alphabetic
sub-skill is developed (alphabetic phase, Frith, 1985, 1986). This
sub-skill involves analytic processing; the letters of a word, i.e.,
the graphemes, are decoded into the corresponding sound one
by one, and the sounds are merged together into syllables and
words. Fine details of each individual grapheme, its orientation
and the order of the graphemes in the configuration are cru-
cial in this stage. Known words, unknown words, as well as
non-words can be pronounced, quite likely correctly, i.e., if the
correspondence between grapheme and phoneme for the word
is according to the learned rule (as for regular words and most
words of transparent orthographies, e.g., Italian). In this phase
of learning to read, analytic processing is essential. First of all,
this is because initially, identifying letters in the context of writ-
ten text is difficult, and in this case an analytic strategy may be
useful. Second, orientation-invariance is not helpful to identify
letters; clearly, a “b” is not a “d” nor a “p” nor a “q” either, but
1Note that, theoretically speaking, the dimensions analytic-holistic and whole-part,
local-global etc. do not necessarily all refer to the same construct (Wagemans et al.,
2012). Here, however, we consider these different aspects simply together as an
encompassing visual strategy predominant in object recognition.
FIGURE 1 | Children in a very early stage of learning to read do not
care about letter orientation, letter order or the fact that single letters
represent certain phonemes. Instead, reading and writing is based on
graphic features. Word: “MAMA, Artist: Anton Lachmann (4; 6).
also more generally the identity of letters depends on their ori-
entation (van Leeuwen and Lachmann, 2004). Third, and most
importantly: the analytic strategies helps establishing a connec-
tion with phonology. In skilled readers letters are represented for
cross-modal usage (Froyen et al., 2008; Blau et al., 2010; Blomert,
2011), not as a purely visual item, but as connected with auditory
information.
More important to reading than auditory categorization
are the phonological categories (“a listener will identify as
a /b/ quite a large number of acoustically different sounds,”
Liberman et al., 1957, p. 358, e.g., when spoken by a man
or by a woman) developed in this phase of reading acqui-
sition. But just like letters are not natural objects of visual
perception, phonemes are not natural objects of auditory per-
ception. The system of phonemic representation gains promi-
nence in the process of learning to read, evolving along
with the graphemic representation (Serniclaes et al., 2005; Port,
2007). In transparent languages, such as Italian, the grapheme-
phoneme mapping is almost 1:1, but even in the most intrans-
parent cases, morphological units below the word level can
be informative with respect to the phonetic expression. This
means that in a representational system optimized for effi-
ciency of reading and writing, the building blocks of lin-
guistic codes will emerge that take the form of cross-modal,
visual-acoustic (grapheme-phoneme) units (Froyen et al., 2008;
Blomert, 2011).
As a consequence of reading expertise in the orthographic
phase (Frith, 1985, 1986) of reading acquisition, a sub-skill is
developed which enables the instant analysis of larger grapheme
units into orthographic units which ideally coincide with mor-
phemes. As a consequence, words can be read as a whole,
i.e., without a one-by-one grapheme-phoneme conversion. In
this level of processing, the holistic mode again dominates
(Wong et al., 2011). Note, however, that this observation is
perfectly compatible with the cross-modal character of the
representation.
Even though the holistic orthographic sub-skill is relatively
effortlessly applied in reading, even in expert readers the ana-
lytic alphabetic sub-skill may still be running in parallel (Van
Orden et al., 1990) or, at least, remain available for unfamiliar
or foreign words (Morton, 1969; Coltheart, 1978, 2007; Davelaar
et al., 1978) for both transparent and non-transparent orthogra-
phies (Lachmann et al., 2010). Thus, the analytic processing skill
remains important even after learning to read has fully been
established.
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FIGURE 2 | Examples of symmetrical and asymmetrical dot-pattern
(first used by Garner and Clement, 1963) and letter stimuli used in
Lachmann and van Leeuwen (2007).
ANALYTIC PROCESSING OF LETTERS IN EXPERIMENTAL
STUDIES
We may conclude that analytic processing is likely to be more
specifically associated with reading letters as compared with pro-
cessing similar non-letter objects. We tested this prediction in a
variety of experimental tasks involving different aspects of ana-
lytic processing, three of which we will describe in some more
detail in the following sections.
One set of experiments deals with the perception of sym-
metry (Lachmann and van Leeuwen, 2007). Letters and dot
patterns (five-dot patterns as first used by Garner and Clement,
1963), with different degrees of symmetry, were presented in a
same–different task (see Figure 2). It had previously been estab-
lished that the symmetry of the dot patterns is decisive for the
speed and accuracy of their comparison (Lachmann and Geissler,
2002; Hermens et al., 2013; Takahashi et al., 2013): symmetri-
cal dot patterns are processed faster (depending in an almost
perfectly predictable way on the number of symmetries or, accord-
ing to Garner and Clement, 1963, the pattern Goodness). It is
safely to assume, therefore, that these patterns are processed
holistically. If letters are processed in a similar way, we should
observe symmetry advantages for letters as well. However, in
normal reading school-children of the study by Lachmann and
van Leeuwen (2007), symmetry effects were observed for dot
patterns but not for letters. Interestingly, in this study, age-
matched children diagnosed with developmental dyslexia showed
the symmetry advantage for both patterns and letters. In addi-
tion, this group of children showed transfer between letter and
non-letter stimulus blocks, whereas normal reading children did
not. The remarkable consequence is that dyslexics are faster on
this task, in particular also with letters, than normal readers. We
interpret this seemingly paradox result (i.e., that developmen-
tal dyslexics performed better then controls in a letter task) as
indicating that normal readers differentiate in their perceptual
strategy between letters and non-letter shapes, whereas dyslex-
ics do not. For the particular task in described study (letters
of different orientation have to be rated as “same”), this led to
a processing advantage for the latter group. Since analytic and
holistic strategies both are available to the normal readers, why
then is it the case that for this task the normally reading control
children did not apply the holistic strategy to letters too, since
this seems to work best for the given task? One possibility is
because these readers have automatized the analytic strategy for
letters.
FIGURE 3 | Letters (top) and pseudo-letters (bottom) in congruent
(left) and incongruent (right) surroundings, as used in our flanker
studies. See also Fernandes et al. (2014) for similar stimuli.
Does our result mean that, as recent adoptions of the cerebellar
theory (Fawcett, 2002) suggests, developmental dyslexics have a
deficit in automatization (Nicolson and Fawcett, 2011)? A deficit
in automatization may indeed result in dyslexics failing to auto-
matically apply analytic processing to letters, which happens to
be of advantage for the particular version of the same–different
task used in Lachmann and van Leeuwen (2007), which involved
responding to rotated/mirror-imaged versions of two items as
“same.”
But the automatization deficit approach cannot explain a num-
ber of effects (Rusiak et al., 2007), as for instance the ones observed
in another set of experiments using stimuli such as those dis-
played in Figure 3 (Lachmann and van Leeuwen, 2004, 2008b; van
Leeuwen and Lachmann, 2004; see also Fernandes et al., 2014).
Similarly to Eriksson’s classical Flanker study (Eriksen andEriksen,
1974), we investigated effects of congruence of the surrounding
context on the processing of the central target. Non-pseudo- and
rotated letter targets all showpositive effects of flanker congruence,
i.e., processing is facilitated if the surroundings are similar in shape
to the central target. According to our terminology, this implies
that these items are processed holistically. Interestingly, for letters
the surrounding shape congruency is irrelevant2, which is reflected
in absence of congruence effects, or even interferes with process-
ing, leading to a negative congruence effect (Bavelier et al., 2000;
Briand, 1994; van Leeuwen and Bakker, 1995). These effects can
be explained by assuming that letters are processed analytically;
in cases where the surrounding context makes analytic processing
difficult the surrounding context is actively suppressed, resulting
2Recent research (Buetti et al., 2014) suggests that the term “irrelevant” within the
context of stimulus-response compatibility effects may be misleading, since, e.g.,
in flanker tasks, the term “task irrelevant flankers” implies the assumption that
distracters are not at all related to the task. This is usually not the case, because
they are “attentionally relevant” (Buetti et al., 2014). In the context of our approach,
however, in which congruence effects are used to estimate whether the processing
strategy is analytic versus holistic, this terminology discussion may be considered
irrelevant.
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in negative congruence effects: more effort is needed to suppress a
congruent than an incongruent context.
Variations of this paradigm have been informative about
the strategic character of the processing dissociation between
letters and non-letter shapes. First, the dissociation is task-
dependent. Positive congruence effects in letters appear in con-
ditions where the task can be performed by identifying the
global shape of the items (Lachmann and van Leeuwen, 2004;
van Leeuwen and Lachmann, 2004). This means that the holistic
processing strategy for letters is still available and is likely to be
recruited if it is recognized to be beneficial to the task. Second,
the process dissociation between letters and non-letter shapes has
been studied in developmental dyslexics and was compared to that
of normally reading controls (Lachmann and van Leeuwen, 2008a;
Fernandes et al., 2014). Fernandes et al. (2014) replicated the afore-
mentioned dissociation between letters and non-letters in normal
readers, but found that it is absent in developmental dyslex-
ics (depending on their phonological recoding skills). In other
words, dyslexics in this study failed to apply the analytic strategy –
in line with our results from the symmetry paradigm. Interest-
ingly, a seemingly contrasting result for dyslexics was obtained in
Lachmann and van Leeuwen (2008a); here, the largest subgroup
of developmental dyslexics showed a negative congruence effect,
much more strongly than the normal readers. Besides method-
ological differences (e.g., shorter presentation rate, different
stimuli, and different diagnostic criteria), between the two studies,
this discrepancy can also be explained on the basis of the specific
context from which the dyslexics in the latter study were recruited:
in our study they were pupils of a special concentration school,
which provided intensive training to its dyslexic pupils. The train-
ing strongly emphasizes the grapheme-phoneme correspondence.
In other words, for these dyslexics, unlike those in the Fernandes
et al. (2014) study, who did not receive this intensive and specific
kind of training, their background strongly encouraged them to
use an analytic strategy (as in the alphabetic phase at the begin-
ning of the process of learning to read), even though they must
have found this hard. Given that doing so is difficult for them, this
can explain that they showed a negative congruence effect. Thus,
overall, the results of both dyslexia studies are in good mutual
agreement.
A third experimental method which we used in order to study
analytic processing in letters is found in Lachmann et al. (2014,
current research topic). This study used the well-known Navon
paradigm (Kinchla, 1974; Navon, 1977; see Kimchi, 2014, for
a review). The Navon paradigm typically uses compound let-
ters, e.g., a large F composed of a number of identical small
Fs or a large H composed of small Hs (congruent), or a large
F composed of small Hs or a large H composed of small Fs
(incongruent; see Figure 4). The large letters are called “global”
items, the small ones “local” items. The instruction is varied in
a way that a response has to be given either to the local or to
the global level, while ignoring information provided in the other
level, respectively. With this type of stimuli, global precedence
has been established, i.e., faster processing of the global level than
the local level (global advantage effect), and an asymmetric con-
gruence effect: incongruency interferes with the local-level target
responses but not with global level ones. We may consider both
FIGURE 4 | Illustration of the hierarchical stimuli presented in a study
by Lachmann et al. (2014) using the Navon paradigm (Kinchla, 1974;
Navon, 1977). Left side: examples for letters, right side: examples for
non-letters. First stimulus example: the local and the global level consists of
the same letter F (congruent letter stimulus). Second stimulus example: the
global-level letter (F) differs from the local level one (C). Third stimulus
example: congruent non-letter stimulus; fourth stimulus example:
incongruent non-letter stimulus.
these effects combined as reflecting holistic processing. Thus, the
global precedence effect might seem to be in contrast to what one
would expect, intuitively, if letters are preferably processed ana-
lytically. Note, however, that the global precedence effect strongly
depends on the presentation mode (see Kimchi, 2014 for a review)
and that the viewing conditions in which the effect is typically
found do not resemble those of our flanker/symmetry studies. In
Lachmann et al. (2014) we therefore used conditions for which
analytic letter processing is expected, because the size and foveal
presentation more closely resemble conditions of fluent read-
ing, so the automatized reading specific visual processing strategy
was more likely to kick in. With the global stimulus size close
to the functional visual field in word reading and local stimuli
close to the critical size for fluent reading of individual letters,
we compared the global precedence effect for letters and non-
letters in central viewing. With these conditions we found the
global precedence effect to remain robust for non-letters. For
letters, in contrast, the effect disappeared. We interpret these
results as according to the view that reading is based on analytic
visual processing strategies for letters. In other words, the dis-
sociation in analytic and holistic processing between letters and
non-letter shapes is manifest also in the Navon-paradigm, but is
limited to viewing conditions that are akin to reading. The autom-
atization of analytic processing for letters, therefore, is highly
context-specific.
READING AS PROCEDURAL LEARNING: AUTOMATIZATION
OF FUNCTIONAL COORDINATION
The context-specific process dissociation observed for letters ver-
sus non-letters fit a modeling framework (Lachmann, 2002, 2008),
schematized in Figure 5. The model describes the process of learn-
ing to read as a form of procedural learning (Nicolson et al., 2010;
Nicolson and Fawcett, 2011) in terms of four stages. We propose
that in this process, first, pre-existing skills, principally from the
visual and auditory domain, are recruited as a consequence of
instruction; for instance, in the perception of script the ability to
distinguish small two-dimensional line drawings helps establish
letters as the recurring elements of words and sentences. In our
interactions with children we scaffold this process by pointing out
the distinctive aspects of letters by instantiation, simply like“Look,
this is an A,” and by encouraging children to “draw” (rather than
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FIGURE 5 | Functional Coordination Framework for describing the
processes involved in learning to read. Learning to read is described as a
form of procedural learning in which, as a consequence of instruction,
pre-existing functions and skills, principally from the visual and auditory
domain, are recruited, modified and coordinated, leading to cross-modal
codes of letters and procedures. After training these get automatized, after
which experienced readers are biased against processing strategies for
letter perception that do not form part of the procedure. The coordination
stage is the most critical one, it stabilizes the modifications. A failure of
coordination will result in automatization of an abnormal procedure, leading
to reading and writing problems (Lachmann, 2002, 2008). The whole
process, including the structural and functional changes related to it, takes
several years (Lachmann and van Leeuwen, 2008b; Froyen et al., 2009).
write) them. Such abilities are then, in the second stage, mod-
ified in a way to optimize their usage in the context of reading
and writing, for instance the suppression of orientation invari-
ance and symmetries (“this is not correct, it is upside down”).
In other words, this stage involves the emergence of the analytic
preference for letters.
Such modifications do not occur in isolation, but co-emerge
with the fine-tuning of the phonological system (McBride-
Chang, 1999; Lachmann, 2002; Blomert, 2011; Fernandes et al.,
2014). These developments take place in a learning context,
where both reading and writing are extensively practiced (in
fact every day for hours and over years). In this context, con-
sidered as third stage in the model, the specific analytic visual
abilities and the phonological processing skills become function-
ally coordinated, giving rise to grapheme-phoneme (reading)
and phoneme-grapheme correspondences (writing), leading to
cross-modal codes of letters, which form the basis of subse-
quent automatization processes, the final stage in the model.
Given the complexity of these processes, automatization is spread
over a period of several years (Lachmann and van Leeuwen,
2008b). Note, that even though children may be able to read
and to name letters relatively fast and correctly, i.e., even
if they have an established representation of the grapheme-
phoneme and the phoneme-grapheme correspondences, the
underlying structural und functional basis for its automatization
process in the neural system may take 3–4 years (Froyen et al.,
2009).
In this framework, developmental dyslexia is not a matter of
a deficient automatization per se, but of an automatization of
abnormally developed functional coordination (Lachmann, 2002,
2008). Abnormal coordination canbe aproduct of early-stage defi-
ciencies of various kinds: lacking auditory abilities (Ahissar et al.,
2000; Talcott and Witton, 2002; Richardson et al., 2004; Goswami,
2011; Groth et al., 2011; Hamalainen et al., 2013), visual instabili-
ties (Slaghuis and Ryan, 1999; Stein and Talcott, 1999; Stein, 2002;
Becker et al., 2005) or a combination thereof (Au and Lovegrove,
2007; see Farmer and Klein, 1995, for a review). In these cases,
problems may arise already in the recruitment stage; yet they are
manifested only in the coordination. This is the case, because the
anomalities (e.g., in contrast sensitivity, Slaghuis and Ryan, 1999;
or in temporal processing, Steinbrink et al., 2012) at the early levels
are not severe enough as to lead to modality-specific deficiencies
by themselves. However, such early-stage deficiencies do not neces-
sarily lead to problems in coordination, they may be compensated,
e.g., by coping strategies or brain plasticity (Frith, 1986).
Alternatively, the anomalies may arise in the “modifica-
tion” stage, for instance failure to suppress symmetry or other
holistic strategies (e.g., von Károlyia et al., 2003; Pegado et al.,
2011; Perea et al., 2011) or problems in developing phono-
logical (e.g., Snowling, 2001; Fawcett, 2002) or orthographic
skills (Seymour and Evans, 1993). Yet again, even though
these problems may arise at this stage, they will be man-
ifested at the coordination level. Failed coordination may
lead to compensation strategies resulting in further modifi-
cations, just as normal coordination does (see Figure 5).
For instance, failure to automatically suppress symmetry may
lead to active symmetry suppression, which then becomes
an engrained strategy. Or, alternatively, it may lead to a
strategy of perceiving letters as images just like non-letters
(Lachmann and van Leeuwen, 2007).
Functional coordination deficitsmay arise, however, evenwith-
out any deficiencies in the recruiting and the modification stage,
originating from within the coordination process (Froyen et al.,
2011) or resulting from deficiencies in automatization (Nicolson
and Fawcett, 2011). Rather than automatization, the coordina-
tion level may be most liable to manifest the deficiencies, however,
because this is the level where the greatest degree of fine tun-
ing of complex functions is required. Note, that this idea is not
inconsistent with the cerebellar approach of Nicolson and Fawcett
(2011; Fawcett, 2002) since the cerebellum seems to be essentially
involved in such fine tuning and coordination processes (Stoodley
and Stein, 2011), including language processing (Ackermann and
Hertrich, 2000).
SUMMERY AND CONCLUSIONS
We discussed evidence relating to the emerging prevalence of ana-
lytic processing in the perception of letters, and described its
relevance to reading, in the context of a modeling framework for
learning to read, the Functional Coordination Model. According
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to this framework, existing skills are recruited, modified, and
coordinated in the process of learning to read. It is not the case,
therefore, that new basic skills emerge as a consequence of learn-
ing to read; for instance, analytic processing is a resident skill also
present in children or non-reading adults (Lachmann et al., 2012).
Neither is it the case that reading implies loss of perceptual skills;
for instance we are still able to perceive non-letter items analyt-
ically or, for that matter, letters holistically, if this is recognized
as beneficial to the task (Lachmann and van Leeuwen, 2004; van
Leeuwen and Lachmann, 2004). Thus, what has been called “recy-
cling” (Dehaene and Cohen, 2007) of basic perceptual or cognitive
abilities does not lead, at least in case of our ability to process visual
objects, to any loss of this ability. Rather, what we are looking at
is the outcome of procedural learning that has resulted in habits
that form the building blocks of complex cognitive skills such as
reading.
The question if letters are special, that is, whether they are
processed differently as compared to non-letters, may thus be
answered affirmatively, but only as long as these are taken as part
of a reading process. The habitual tendency to do so is strong
enough to be manifest in our experiments, even though these
used letters outside of a reading context, as long as the task and
presentation conditions are sufficiently similar to those of read-
ing. It is the reading skill as such which is special, not the letter
configurations. If we exchange all “a”s in a text by a novel visual
symbol and ask our participants to read the text, the novel sym-
bol will be incorporated in the automatized skill rather fast and
consequently will be treated as letter. Reading is not a matter of
certain letters and sounds, these are only concretizations within
a complex, higher-order procedural learning process which takes
years to get automatized. Afterward, when perceiving letter stim-
uli, experienced readers may sometimes experience difficulty in
suppressing their modified visual and auditory functions which
are part of the automatized coordination. These are then habitu-
ally processed as letters, and as a result are special to an experienced
reader.
From the point of view that failure in learning to read is
the consequence of abnormal coordination followed by the pro-
cess of automatization, it makes no sense to search for a single
cause of reading problems. There might be many possible rea-
sons for failure to become a fluent reader, like those described
in different theories of developmental dyslexia (e.g., Farmer and
Klein, 1995; Bishop et al., 1999; Snowling, 2001; Fawcett, 2002;
Stein, 2002; Ramus et al., 2003; Goswami, 2011). All of these
may lead to failures in functional coordination. A consequence
of this view is, that isolated training of basic functions, such as
visual-auditory integration or temporal processing,may have only
limited effects, once automatization is already advanced. In that
case the skills must be reorganized and then reautomatized (Klatte
et al., 2014).
REFERENCES
Ackermann, H., and Hertrich, I. (2000). The contribution of the cerebellum
to speech processing. J. Neurolinguistics 13, 95–116. doi: 10.1016/S0911-
6044(00)00006-3
Ahissar,M., Protopapas,A., Reid,M., andZenich,M.M. (2000). Auditory processing
parallels reading abilities in adults. Proc. Natl. Acad. Sci. U.S.A. 97, 6832–6837.
doi: 10.1073/pnas.97.12.6832
Alexander, G. M., and Evardone, M. (2008). Blocks and Bodies: sex differences in
a novel version of the Mental Rotations Test. Horm. Behav. 53, 177–184. doi:
10.1016/j.yhbeh.2007.09.014
Au, A., and Lovegrove, B. (2007). The contribution of rapid visual and auditory
processing to the reading of irregular words and pseudowords presented singly
and in contiguity. Percept. Psychophys. 69, 1344–1359. doi: 10.3758/BF03192951
Bavelier, D., Deruelle, C., and Proksch, J. (2000). Positive and negative compatibility
effects. Percept. Psychophys. 62, 100–112. doi: 10.3758/BF03212064
Becker, C., Elliott, M., and Lachmann, T. (2005). Evidence for impaired visuop-
erceptual organization in developmental dyslexics and its relation to temporal
processes. Cogn. Neuropsychol. 22, 499–522. doi: 10.1080/02643290442000086
Bishop, D. V., Bishop, S. J., Bright, P., James, C., Delaney, T., and Tallal, P. (1999).
Different origin of auditory and phonological processing problems in children
with language impairment: evidence from a twin study. J. Speech Lang. Hear. Res.
42, 155–168. doi: 10.1044/jslhr.4201.155
Blau,V., Reithler, J., van Atteveldt, N., Seitz, J., Gerretsen, P., Goebel, R., et al. (2010).
Deviant processing of letters and speech sounds as proximate cause of reading
failure: a functional magnetic resonance imaging study of dyslexic children. Brain
133, 868–879. doi: 10.1093/brain/awp308
Blomert, L. (2011). The neural signature of orthographic–phonological binding
in successful and failing reading development. Neuroimage 57, 695–703. doi:
10.1016/j.neuroimage.2010.11.003
Briand, K. A. (1994). Selective attention to global and local structure of objects:
alternative measures of nontarget processing. Percept. Psychophys. 55, 562–574.
doi: 10.3758/BF03205313
Buetti, S., Lleras, A., and Moore, C. M. (2014). The flanker effect does not reflect the
processing of “task-irrelevant” stimuli: evidence from inattentional blindness.
Psychon. Bull. Rev. doi: 10.3758/s13423-014-0602-9 [Epub ahead of print].
Chall, J. (1983). Stages of Reading Development. New York: McGraw-Hill.
Coltheart, M. (1978). “Lexical access in simple reading tasks,” in Strategies of
Information Processing, ed. G. Underwood (London: Academic Press), 151–216.
Coltheart, M. (2007). “Modeling reading: the Dual-Route approach,” in The Science
of Reading, eds M. J. Snowling and C. Hulme (Oxford: Blackwell), 6–23.
Cooper, L. A., and Shepard, R. N. (1973). The time required to prepare for a rotated
stimulus. Mem. Cogn. 1, 246–250. doi: 10.3758/BF03198104
Davelaar, E., Coltheart, M., Besner, D., and Jonasson, J. T. (1978). Phonological
recoding and lexical access. Mem. Cogn. 6, 391–402. doi: 10.3758/BF03197471
Dehaene, S., and Cohen, L. (2007). Cultural recycling of cortical maps. Neuron 56,
384–398. doi: 10.1016/j.neuron.2007.10.004
Dehaene, S., Pegado, F., Braga, L. W., Ventura, P., Nunes, G., Jobert, A., et al. (2010).
How learning to read changes the cortical networks for vision and language.
Science 330, 1359–1364. doi: 10.1126/science.1194140
Dror, I. E., Schmitz-Williams, I. C., and Smith, W. (2005). Older adults use
mental representations that reduce cognitive load: mental rotation utilizes
holistic representations and processing. Exp. Aging Res. 31, 409–420. doi:
10.1080/03610730500206725
Ehri, L. C. (1995). Phases of development in learning to read by sight. J. Res. Read.
18, 116–125. doi: 10.1111/j.1467-9817.1995.tb00077.x
Eriksen, B. A., and Eriksen, C. W. (1974). Effects of noise letters upon the identifi-
cation of a target letter in a nonsearch task. Percept. Psychophys. 16, 143–149. doi:
10.3758/BF03203267
Farmer, M. E., and Klein, R. M. (1995). The evidence for a temporal process-
ing deficit linked to dyslexia: a review. Psychon. Bull. Rev. 2, 460–493. doi:
10.3758/BF03210983
Fawcett, A. (2002). “Dyslexia, the cerebellum and phonological skill,” in Basic Func-
tions of Language, Reading and Reading Disability, eds E. Witruk, A. D. Friederici,
and T. Lachmann (Boston: Kluwer/Springer), 265–279. doi: 10.1007/978-1-4615-
1011-6_16
Fernandes, T., Vale, A. P., Martins, B., Morais, J., and Kolinsky, R. (2014). The deficit
of letter processing indevelopmental dyslexia: combining evidence fromdyslexics,
typical readers and illiterate adults. Dev. Sci. 17, 125–141. doi: 10.1111/desc.
12102
Frith,U. (1985).“Beneath the surface of developmental dyslexia,” inSurfaceDyslexia,
eds K. Patterson, J. Marshall, and M. Coltheart (London: Erlbaum), S301–S330.
Frith, U. (1986). A developmental framework for developmental dyslexia. Ann.
Dyslexia 36, 69–81. doi: 10.1007/BF02648022
Froyen, D. J. W., Bonte, M. L., van Atteveldt, N., and Blomert, L. (2009). The
long road to automation: neurocognitive development of letter-speech sound
processing. J. Cogn. Neurosci. 21, 567–580. doi: 10.1162/jocn.2009.21061
Frontiers in Psychology | Developmental Psychology September 2014 | Volume 5 | Article 1046 | 6
Lachmann and van Leeuwen Reading as functional coordination
Froyen, D., van Atteveldt, N., Bonte, M., and Blomert, L. (2008). Cross-modal
enhancement of the MMN to speech-sounds indicates early and automatic
integration of letters and speech-sounds. Neurosci. Lett. 430, 23–28. doi:
10.1016/j.neulet.2007.10.014
Froyen, D.,Willems, G., and Blomert, L. (2011). Evidence for a specific cross-modal
association deficit in dyslexia: an electrophysiological study of letter speech sound
processing. Dev. Sci. 14, 635–648. doi: 10.1111/j.1467-7687.2010.01007.x
Garner, W. R., and Clement, D. E. (1963). Goodness of pattern and pattern
uncertainty. J. Verbal Learning Verbal Behav. 2, 446–452. doi: 10.1016/S0022-
5371(63)80046-8
Geiser, C., Lehmann, W., and Eid, M. (2006). Separating “rotators” from “nonrota-
tors” in the mental rotations test: a multigroup latent class analysis. Multivariate
Behav. Res. 41, 261–293. doi: 10.1207/s15327906mbr4103_2
Goswami, U. (2011). A temporal sampling framework for developmental dyslexia.
Trends Cogn. Sci. 15, 3–10. doi: 10.1016/j.tics.2010.10.001
Groth, K., Lachmann, T., Riecker, A., Muthmann, I., and Steinbrink, C. (2011).
Developmental dyslexics show deficits in the processing of temporal auditory
information in German vowel length discrimination. Read. Writ. 24, 285–303.
doi: 10.1007/s11145-009-9213-7
Hamalainen, J. A., Salminen, H. K., and Leppanen, P. H. T. (2013). Basic
auditory processing deficits in dyslexia: systematic review of the behavioral
and event-related potential/field evidence. J. Learn. Disabil. 46, 413–427. doi:
10.1177/0022219411436213
Hermens, F., Lachmann, T., and van Leeuwen, C. (2013). Is it really search or
just matching? The influence of Goodness, number of stimuli and presentation
sequence in same-different tasks. Psychol. Res. doi: 10.1007/s00426-013-0529-1
[Epub ahead of print].
Hogeboom, M., and van Leeuwen, C. (1997). Visual search strategy and perceptual
organization covary with individual preference and structural complexity. Acta
Psychol. 95, 141–164. doi: 10.1016/S0001-6918(96)00049-2
Jansen, P., and Kaltner, S. (2013). Object-based and egocentric mental rotation
performance in older adults: the importance of gender differences and motor
ability. Aging Neuropsychol. Cogn. 21, 296–316. doi: 10.1080/13825585.2013.
805725
Kimchi, R. (2014). “The perception of hierarchical structure,” in Oxford Handbook
of Perceptual Organization, ed. J. Wagemans. (Oxford: Oxford University Press).
doi: 10.1093/oxfordhb/9780199686858.013.025
Kinchla, R. A. (1974). Detecting target elements in multielement array: a
confusability model. Percept. Psychophys. 15, 149–158. doi: 10.3758/BF03205843
Klatte, M., Steinbrink, C., Prölß, A., Estner, B., Christmann, C., and Lachmann,
T. (2014). “Effekte des computerbasierten Trainingsprogramms “Lautarium” auf
die phonologischeVerarbeitung und die Lese-Rechtschreibleistungen bei Grund-
schulkindern,” in Legasthenie und Dyskalkulie – Neue Methoden zur Diagnostik
und Förderung, ed. G. Schulte-Körne (Bochum: Winkler), 127–144.
Korjoukov, I., Jeurissen, D., Kloosterman, N. A., Verhoeven, J. E., Scholte, H. S.,
and Roelfsema, P. R. (2012). The time course of perceptual grouping in natural
scenes. Psychol. Sci. 23, 1482–1489. doi: 10.1177/0956797612443832
Lachmann, T. (2002). “Reading disability as a deficit in functional coordina-
tion and information integration,” in Basic Functions of Language, Reading and
Reading Disability, eds E. Witruk, A. D. Friederici, and T. Lachmann (Boston:
Kluwer/Springer), 165–198. doi: 10.1007/978-1-4615-1011-6_11
Lachmann, T. (2008). “Experimental approaches to specific disabilities in learning to
read: the case of SymmetryGeneralization indevelopmental dyslexia,” inAdvances
in Cognitive Science, N. Srinivasan, A. K. Gupta, and J. Pandey (Thousand Oaks,
CA: Sage), 321–342.
Lachmann, T., and Geissler, H.-G. (2002). Memory search instead of template
matching? Representation-guided inference in same-different performance. Acta
Psychol. 111, 19–43. doi: 10.1016/S0001-6918(02)00055-0
Lachmann, T., Khera, G., Srinivasan, N., and van Leeuwen, C. (2012). Learning to
read aligns visual analytical skills with grapheme-phoneme mapping: evidence
from illiterates. Front. Evol. Neurosci. 4:8. doi: 10.3389/fnevo.2012.00008
Lachmann, T., Schmitt, A., Braet, W., and van Leeuwen, C. (2014). Letters in the
Forest: global precedence effect disappears for letters but not for non-letters under
reading-like conditions. Front. Psychol. 5:705. doi: 10.3389/fpsyg.2014.00705
Lachmann,T., Steinbrink,C., Schumacher, B., and vanLeeuwen,C. (2010). Different
letter-processing strategies in diagnostic subgroups of developmental dyslexia
occur also in a transparent orthography: reply to a commentary by Spinelli et al.
Cogn. Neuropsychol. 26, 759–768. doi: 10.1080/02643291003737065
Lachmann, T., and van Leeuwen, C. (2004). Negative congruence effects in letter
and pseudo-letter recognition: the role of similarity and response conflict. Cogn.
Proc. 5, 239–248. doi: 10.1007/s10339-004-0032-0
Lachmann, T., and van Leeuwen, C. (2007). Paradoxical enhancement of let-
ter recognition in developmental dyslexia. Dev. Neuropsychol. 31, 61–77. doi:
10.1207/s15326942dn3101_4
Lachmann, T., and van Leeuwen, C. (2008a). Differentiation of holistic process-
ing in the time course of letter recognition. Acta Psychol. 129, 121–129. doi:
10.1016/j.actpsy.2008.05.003
Lachmann, T., and van Leeuwen, C. (2008b). Different letter-processing strategies
in diagnostic subgroups of developmental dyslexia. Cogn. Neuropsychol. 25, 730–
744. doi: 10.1080/02643290802309514
Liberman, A. M., Harris, K. S., Hoffman, H. S., and Griffith, B. C. (1957). The
discrimination of speech sounds within and across phoneme boundaries. J. Exp.
Psychol. 54, 358–368. doi: 10.1037/h0044417
Morton, J. (1969). Interaction of information in word recognition. Psychol. Rev. 76,
165–178. doi: 10.1037/h0027366
McBride-Chang, C. (1999). TheABCs of ABCs: the development of letter-name and
letter-sound knowledge, Merril Palmer Q. 45, 285–308.
Navon, D. (1977). Forest before trees: the precedence of global features in visual
perception. Cogn. Psychol. 9, 353–383. doi: 10.1016/0010-0285(77)90012-3
Nicolson, R. I., and Fawcett, A. (2011). Dyslexia, dysgraphia, procedural learning
and the cerebellum. Cortex 47, 117–127. doi: 10.1016/j.cortex.2009.08.016
Nicolson, R. I., Fawcett, A., Brookes, R. L., and Needle, J. (2010). Procedural learning
and dyslexia. Dylsexia 16, 194–212. doi: 10.1016/j.ridd.2013.07.017
Pegado, F., Nakamura, K., Cohen, L., and Dehaene, S. (2011). Breaking the symme-
try: mirror discrimination for single letters but not for pictures in theVisualWord
Form Area. Neuroimage 55, 742–774. doi: 10.1016/j.neuroimage.2010.11.043
Perea, M., Moret-Tatay, C., and Panadero, V. (2011). Suppression of mirror gener-
alization for reversible letters: evidence from masked priming. J. Mem. Lang. 65,
237–246. doi: 10.1016/j.jml.2011.04.005
Port, R. (2007). How are words stored in memory? Beyond phones and phonemes.
New Ideas Psychol. 25, 143–170. doi: 10.1016/j.newideapsych.2007.02.001
Ramus, F., Rosen, S., Dakin, S. C., Day, B. L., Castellote, J. M., White, S., et al.
(2003). Theories of developmental dyslexia: insights from a multiple case study
of dyslexic adults. Brain 126, 841–865. doi: 10.1093/brain/awg076
Richardson, U., Thomson, J. M., Scott, S. K., and Goswami, U. (2004). Auditory
processing skills and phonological representation in dyslexic children. Dyslexia
10, 215–233. doi: 10.1002/dys.276
Roelfsema, P. R., andHoutkamp,R. (2011). Incremental grouping of image elements
in vision. Atten. Percept. Psychophys. 73, 2542–2572. doi: 10.3758/s13414-011-
0200-0
Rusiak, P., Lachmann, T., Jaskowski, P., and van Leeuwen, C. (2007). Mental rotation
of letters and shapes in developmental dyslexia. Perception 36, 617–631. doi:
10.1068/p5644
Serniclaes, W., Ventura, P., Morais, J., and Kolinsky, R. (2005). Categori-
cal perception of speech sounds in illiterate adults. Cogn. 98, 35–44. doi:
10.1016/j.cognition.2005.03.002
Seymour, P. K., and Evans, H. M. (1993). “The visual (orthographic) processor
and developmental dyslexia,” in Visual Processes in Reading and Reading Dis-
ability, eds D. M. Willows, R. S. Kruk, and E. Corcos (Hillsdale, NJ: Erlbaum),
347–376.
Shepard, R. N., and Metzler, J. (1971). Mental rotation of three-dimensional objects.
Science 171, 701–703. doi: 10.1126/science.171.3972.701
Slaghuis,W. L., and Ryan, J. F. (1999). Spatial-temporal contrast sensitivity, coherent
motion, and visual persistence in developmental dyslexia.Vision Res. 39, 651–668.
doi: 10.1016/S0042-6989(98)00151-5
Snowling, M. (2001). From language to reading and dyslexia. Dyslexia 7, 37–46. doi:
10.1002/dys.185
Stein, J. F. (2002). “The neurobiology of reading difficulties,” in Basic Functions of
Language, Reading and Reading Disability, eds E. Witruk, A. D. Friederici, and
T. Lachmann (Boston: Kluwer/Springer), 199–212. doi: 10.1007/978-1-4615-
1011-6_12
Stein, J. F., and Talcott, J. B. (1999). The magnocellular theory of dyslexia. Dyslexia
5, 59–78. doi: 10.1002/(SICI)1099-0909(199906)5:2<59::AID-DYS134>3.0.
CO;2-F
Steinbrink, C., Groth, K., Lachmann, T., and Riecker, A. (2012). Neural corre-
lates of temporal auditory processing in dyslexia during German vowel length
www.frontiersin.org September 2014 | Volume 5 | Article 1046 | 7
Lachmann and van Leeuwen Reading as functional coordination
discrimination: an fMRI study. Brain Lang. 121, 1–11. doi: 10.1016/j.bandl.2011.
12.003
Stoodley, C. J., and Stein, J. F. (2011). The cerebellum and dyslexia. Cortex 47,
101–116. doi: 10.1016/j.cortex.2009.10.005
Takahashi, J., Hidaka, S., Teramoto, W., and Gyoba, J. (2013). Temporal
characteristics of the effects of visual pattern redundancy on encoding and stor-
age processes: evidence from rapid serial visual presentation. Psychol. Res. 77,
687–697. doi: 10.1007/s00426-012-0474-4
Talcott, J. B., and Witton, C. (2002). “A sensory-linguistic approach to the develop-
ment of normal and dysfunctional reading skills,” in Basic Functions of Language,
Reading and Reading Disability, eds E. Witruk, A. D. Friederici, and T. Lachmann
(Boston, MA: Kluwer/Springer), 213–240.
Tse, P. U. (1999). Volume completion. Cogn. Psychol. 39, 37–68. doi:
10.1006/cogp.1999.0715
van Leeuwen, C., and Bakker, L. (1995). Stroop can occur without Garner interfer-
ence: strategic and mandatory influences in multidimensional stimuli. Percept.
Psychophys. 57, 379–392. doi: 10.3758/BF03213062
van Leeuwen,C., and Lachmann, T. (2004). Negative and positive congruence effects
in letters and shapes. Percept. Psychophys. 6, 908–925. doi: 10.3758/BF03194984
Van Orden, G. C., Pennington, B. F., and Stone, G. O. (1990). Word identification
in reading and the promise of subsymbolic psycholinguistics. Psychol. Rev. 97,
488–522. doi: 10.1037/0033-295X.97.4.488
von Károlyia, C., Winner, E., Grayc, W., and Shermand, G. F. (2003). Dyslexia
linked to talent: global visual-spatial ability. Brain Lang. 85, 427–431. doi:
10.1016/S0093-934X(03)00052-X
Wagemans, J., Elder, J. H., Kubovy, M., Palmer, S. E., Peterson, M. A., Singh, M.,
et al. (2012). A century of Gestalt psychology in visual perception: I. Perceptual
grouping and figure–ground organization. Psychol. Bull. 138, 1218–1252. doi:
10.1037/a0029334
Wong, A. C.-N., Bukach, C. M., Yuen, C., Yang, L., Leung, S., and Greenspon, E.
(2011). Holistic processing of wordsmodulated by reading experience. PLoS ONE
6:e20753. doi: 10.1371/journal.pone.0020753
Conflict of Interest Statement: The authors declare that the researchwas conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.
Received: 30 April 2014; accepted: 02 September 2014; published online: 26 September
2014.
Citation: Lachmann T and van Leeuwen C (2014) Reading as functional coor-
dination: not recycling but a novel synthesis. Front. Psychol. 5:1046. doi:
10.3389/fpsyg.2014.01046
This article was submitted to Developmental Psychology, a section of the journal
Frontiers in Psychology.
Copyright © 2014 Lachmann and van Leeuwen. This is an open-access article dis-
tributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal is cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.
Frontiers in Psychology | Developmental Psychology September 2014 | Volume 5 | Article 1046 | 8
